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Summary 
The mammalian neocortex consists of columnar cir- 
cuits, whose development may be controlled by pat- 
terns of spontaneous activity. Columnar domains of 
spontaneously coactive neurons were previously de- 
scribed using Ca 2+ imaging of slices from developing 
rat neocortex. We have now investigated the cellular 
mechanisms responsible for the coactivation of these 
domains. The activation starts in the center of a do- 
main and spreads at speeds of approximately 100 l~m/ 
s. Domains occur in the presence of tetrodotoxin but 
are blocked by the gap junction blockers halothane 
and octanol. Simultaneous intracellular and optical re- 
cordings from dye-coupled cells reveal functional cou- 
pling between developing neocortical neurons. These 
data support the hypothesis that a neuronal domain 
results from the spontaneous excitation of one or a 
few trigger neurons that subsequently activate, either 
electrically or biochemically, the rest of the cells via 
gap junctions. 
Introduction 
The cortical microcircuitry is organized anatomically and 
physiologically inarrays of columnar units (Lorente de NS, 
1949; Mountcastle, 1957; H ubel and Wiesel, 1977; Szen- 
tag6thai, 1978; Mountcastle, 1982), but how these colum- 
nar microcircuits emerge in the course of cortical develop- 
ment is not well understood. Like the development of the 
larger ocular dominance columns (Wiesel, 1982) and clus- 
tered horizontal projections (Callaway and Katz, 1991; 
Loewel and Singer, 1992), columnar microcircuits could 
arise by activity-dependent formation and selection of con- 
nections. In fact, patterned spontaneous activity plays a 
causal role in the establishment of connections at many 
different stages throughout he visual pathway (Raki~, 
1977; Stryker and Harris, 1986; Stryker and Strickland, 
1984; Shatz, 1990; Shatz and Stryker, 1988; Goodman 
and Shatz, 1993), and it may also play a similar role in 
the development of the columnar microcircuits. 
Little is known about multicellular patterns of activity in 
the cortex because of the difficulty of simultaneous electri- 
cal recordings from ensembles of neurons. The use of 
electrode arrays has provided one solution (Meister et al., 
1991). As an alternative approach, we have used optical 
recording with Ca2÷-sensitive dyes of slices of developing 
rat neocortex to survey patterns of multicellular activity 
among developing cortical neurons (Yuste and Katz, 
1991). Ca2+-sensitive dyes have very large signals and 
small secondary effects and are thus ideal for routine opti- 
cal recordings with accessible technology, such as video 
cameras and simple image processing (Tsien, 1989). 
These indicators report changes in intracellular f ee Ca 2÷ 
concentration ([Ca2÷]~), providing both an indirect reflection 
of the electrical activity and a direct measurement of [Ca2+]i 
changes associated with activation of second messenger 
systems that cannot be detected electrically. 
In slices of developing neocortex, we discovered groups 
of neurons that spontaneously increased their [Ca2÷]~ in 
synchrony, defining locally correlated areas termed neu- 
ronal domains (Yuste et al., 1992; Yuste, 1994). The size, 
shape, and organization of these events suggest that they 
might represent an early manifestation of cortical func- 
tional architecture. In particular, domains in coronal slices 
are radial and can extend through all cortical layers in 
column-like arrangements. In addition, a columnar net- 
work of coupled neurons has been found in developing 
cortex with intracellular injections of the tracer Neurobiotin 
(Peinado et al., 1993), extending previous reports of dye 
coupling with Lucifer Yellow in these cells (Gutnick and 
Prince, 1981; Connors et al., 1983; Lo Turco and Kriegstein, 
1991). This coupling is developmentally regulated (Con- 
nors et al., 1983; Peinado et al., 1993), leading us to hy- 
pothesize that coactivation of neurons in domains is medi- 
ated by a network of gap junctions. 
To test this hypothesis and better address the mecha- 
nisms responsible for the coactivation of neurons in a do- 
main, we have now examined the spatiotemporal dynam- 
ics of the coactivation by using Fura 2 optical recordings 
with improved time resolution. We have also compared 
the effects of blocking synaptic transmission and blocking 
gap junctions on the activation of domains. Finally, com- 
bining optical imaging and intracellular recording, we dem- 
onstrate, for the first time, electrical coupling between two 
cortical neurons and estimate its magnitude. Our results 
suggest that the spontaneous activation of a domain be- 
gins with the activation of one or a few trigger cells and 
that the subsequent coactivation of the rest of the domain 
occurs nonsynaptically through gap junctions. 
Results 
Experiments were carried out in slices taken from somato- 
sensory cortex of postnatal day 0 (P0) to P7 rats, except 
where noted. During this time, thalamic afferents form the 
barrels found in primary somatosensory cortex (Van der 
Loos and Woolsey, 1973), and the basic microcircuitry of 
the rat cortex emerges (Miller, 1988). Slices were loaded 
with Fura 2-AM by bath application of the dye and imaged 
with epifluorescence and video microscopy. Time-laps e 
optical sequences of the fluorescence of the cells of inter- 
est were recorded during different experimental proce- 
dures. 
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Figure 1. Fura 2-AM Labels Neurons in Slices of Developing Neo- 
cortex 
Micrograph of a coronal brain slice taken from the somatosensory 
cortex of a P3 rat injected 1 day earlier with fluorescein latex micro- 
spheres (beads) in the contralateral somatosensory cortex. The slice 
was incubated with 10 p.M of Fura 2-AM, and its fluorescence imaged 
with a 63 x objective using broad band filters tovisualize simultane- 
ously Fura 2-AM- and bead-labeled cells. Many cell bodies and den- 
dritic structures are labeled iffusely with Fura 2. In addition, a few 
cells are also double labeled by beads (arrows), which demonstrates 
that they are callosally projecting neurons. Bar, 50 p~m. 
Fura 2-AM Labels Neurons in Slices 
of Developing Neocortex 
Incubation with Fura 2-AM produced widespread staining 
of many cell bodies and primary dendrites. The identity 
of the labeled cells seemed neuronal, as judged by their 
large somata and the presence of apical dendrites (Yuste 
and Katz, 1991). In addition, most of our experiments were 
carried out at ages at which the neocortex is practically 
devoid of gila (Misson et al., 1991; Kaur et al., 1989). Nev- 
ertheless, to ascertain that the Fura 2-AM-labeled cells 
were indeed neurons, we imaged slices taken from ani- 
mals whose contralateral somatosensory cortex received 
an injection of fluorescent latex microspheres, a retro- 
grade neuronal tracer (Katz et al., 1984), 24 hr prior to 
slice preparation. After labeling these slices with Fura 
2-AM, many Fura 2-AM-labeled cells were double-labeled 
with fluorescent microspheres, demonstrating their iden- 
tity as callosally projecting neurons (Figure 1). These dif- 
ferent lines of evidence indicate that most Fura 2-AM- 
labeled cells were indeed neurons. 
Domains Can Be Evoked with Temperature Drops 
In practically every slice imaged, we observed spontane- 
ous elevation of [Ca2÷]= in a group of neighboring cells 
(Figure 2). As previously described, these spontaneous 
domains occurred infrequently, once every 4 min on aver- 
age, at apparently random intervals (Yuste et al., 1992). 
Domains had irregular shapes, similar sizes (60-120 I~m 
in diameter in tangential slices) and discrete borders, and 
formed maps with small overlapping territories (Figure 
20). 
To study the mechanisms responsible for the coactiva- 
tion of neurons in a domain required a method of eliciting 
domains in a Controlled manner. With this aim, we ex- 
plored a variety of experimental conditions that could in- 
crease the general excitability of the cells in the slice and 
provoke domains. Bath applications of low concentrations 
of the glutaminergic agonists N-methyI-D-aspartate (NMDA), 
quisqualate, and glutamate occasionally evoked domains, 
but were hard to control because it was difficult o trigger 
local coactivations without eliciting a generalized re- 
sponse in the slice and because the optimal neurotrans- 
mitter concentrations that elicited domains varied widely 
from slice to slice. Similar problems were encountered with 
carbachol, a cholinergic agonist, muscimol, a GABAergic 
agonist, both of which increase [Ca2+]i in these cells (Yuste 
and Katz, 1991), and with bath application of high 
K+-containing artificial cerebrospinal fluid (ACSF), which 
depolarized cells in the slice. 
We next explored the effects of disinhibiting the slice 
on the basal rates of spontaneously occurring domains. 
To quantitate these effects, we defined a domain as a 
simultaneous increase in [Ca2÷]i in three or more neigh- 
boring cells. Recordings were made with tern poral resolu- 
tion of 1-10 s, and simultaneous changes were defined 
as changes occurring in the same frame. The number of 
domains in the segment of the optical recording during 
which a pharmacological manipulation was performed 
was compared to the number of domains during a control 
optical recording of equal duration. Because slices deteri- 
orate with time during long optical recordings, we ran con- 
trol periods before each pharmacological manipulation. 
Bath applications of high concentrations (10-20 p.M) of 
the GABAergic antagonist bicuculine produced no signifi- 
cant change in the frequency of occurrence of spontane- 
ous domains. Perfusion with Mg2+-free ACSF, however, 
resulted in a modest but significant increase (262% -+ 
37%; mean _+ SD of number of domains as compared 
with control recording; n = 4). The absence of Mg =÷ could 
unblock the NMDA receptor ionophore (Nowack et al., 
1984) or increase spontaneous transmitter elease (Del 
Castillo and Engbaek, 1954). Although Mg2+-free ACSF 
increased the frequency of domains, this manipulation did 
not allow domains to be elicited in a controllable manner. 
Experiments were performed at temperatures ranging 
from 22°C to 33°C. In examining the best experiments, 
we noticed that the recordings with most domains were 
those taken at lower temperatures. The effects of lowering 
temperature on the frequency of spontaneous domains 
were therefore explored. Surprisingly, in recordings per- 
formed at room temperature (22°C-26°C), a 3°C temper- 
ature drop for approximately 10 s induced by perfusing 
the slice with a bolus of cold ACSF triggered numerous 
domains throughout he slice (Figure 3A). 
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Figure 2. Spontaneous Coactivation of a Domain of Neurons in a Tangential Slice 
Composite figure showing three frames and a domain map from an optical recording movie. 
(A) Fluorescence micrograph from a Fura 2-AM-labeled tangential slice from a P0 rat cortex imaged with a 16 x objective while spontaneous 
coactivations were occurring. Each bright dot is a Fura 2-AM-labeled neuron. At the excitation wavelength used (385 nm), [Ca2+]~ increases produced 
decreases of fluorescence. A dark area in the lower right corner resulted from a group of cells that underwent spontaneous coactivation, defining 
a neuronal domain. 
(B) Similar micrograph taken 16 s later, in which a different coactive area appears, now at the top left corner of the image. 
(C) Similar micrograph taken 68 s later, showing a different coactive domain near the center of the image. 
(D) Map of these three domains in the slice. Outlines of the coactive areas are produced by subtracting frames taken before and during the 
coactivation. The area from each domain has been colored differently, and the area of overlap painted black. Note the ragged edges of the domains 
produced by responses of individual cells and the small area of overlap among neighboring domains. Bar, 100 p.m. 
This method (called temperature drop) worked reliably 
in all slices tried (48 of 48). The temperature drop occurred 
in the chamber over a period of 10-20 s, during which 
5-30 domains appeared covering the slice (Figure 3B). 
Though larger temperature drops than 3°C had the same 
effect, smaller temperature drops, more gradual tempera- 
ture changes, or temperature increases produced by mix- 
ing heated ACSF did not trigger domains. We are still un- 
clear as to why this method triggers domains, particularly 
since the effects of lowering the temperature on many 
electrophysiological processes in mammal ian neurons are 
complex but seem associated with a general reduction 
of excitability (Thompson et al., 1985). Nevertheless, in 
mammal ian spermatozoa, a sudden reduction in tempera- 
ture produces an accumulation of [Ca2+]~ (Watson and Mor- 
ris, 1987), and it is possible that similar events occur in 
neurons. 
In tangential slices, domains evoked by a temperature 
drop had sizes comparable to those of spontaneously oc- 
curring domains (evoked, 7414 _+ 1377 ~m 2, n -- 6; spon- 
taneous, 4057 _ 3094 ~m 2, n = 75). Like spontaneous 
domains, evoked domains formed maps that covered the 
slice with little overlap among neighbors (compare Figure 
2D and Figure 3B). The duration of the Ca 2÷ transients 
was also similar to prior measurements in spontaneous 
domains, approximately 8 -20  s. Finally, in coronal slices, 
evoked domains also had radial shapes (data not shown). 
Based on these similar characteristics and their similar 
pharmacological profile (described below), we conclude 
that coactivation evoked by temperature drops represents 
the same phenomenon as spontaneously occurring do- 
mains. 
The Activation of a Domain Begins in Cells 
Located Near Its Center 
To explore the spatial pattern of activation in a domain 
in more detail, we used optical imaging with faster time 
resolution (33 ms/frame) of domains evoked in six slices 
by the temperature drop method. These recordings clearly 
demonstrated that activation of cells in a domain started 
in one or a few cells located in the center (trigger cells) 
and then spread radially to the periphery (Figure 4). 
The first cells to become active in a domain had resting 
fluorescence intensities comparable to the rest of the cells 
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Figure 3. A Drop in Temperature Triggers the Appearance of Neu- 
ronal Domains 
(A) Graph of the domains that occurred during an optical recording 
in a tangential slice from P2 rat somatosensory cortex. Each domain 
is represented by a cross. Domains are evoked by the perfusion of a 
bolus of 4°C ACSF, marked by a line, into the recording chamber. 
The temperature in the chamber dropped from 23°C to 19°C during 
the bolus. 
(B) Map of the domains evoked in the slice with this method. The area 
of each domain has been synthesized as in Figure 2 and superimposed 
in a map. The area of overlap between neighboring domains is painted 
black. The shape of these evoked domains resembles the spontane- 
ously occurring domains illustrated in Figure 2D. Bar, 100 ~m. 
in the domain. Assuming that all the cells in a domain were 
similarly loaded by Fura 2-AM, the similarity in fluores- 
cence intensities implies that the resting [Ca2+]~ of the cells 
that became active first was not different han that of the 
other cells in a domain, in addition, the trigger cells pro- 
duced a larger fluorescence change during the response, 
2-fold larger than the cells in the periphery (Figure 5), im- 
plying that larger [Ca2+]~ increases occurred in trigger cells. 
Coactivation Spreads at Speeds of 
Approximately 100 p.m/s 
At least three possible mechanisms could be responsible 
for the spread of activity in a domain: simple diffusion of 
Ca 2÷ or a small ion from trigger cells to neighboring neu- 
rons, synaptic communication between coactive cells, and 
nonsynaptic ommunication of a regenerative signal, ei- 
ther electrical or biochemical. The propagation rates of 
these different mechanisms are quite distinct. As a way 
to distinguish among possible mechanisms responsible 
for the coactivation of cells in a domain, we measured the 
speed of the wave of coactivation from the trigger cell to 
the rest of the domain. Optical recordings were analyzed 
in the following way. After smoothing the data with a three- 
pixel window, the activation onset of each pixel was deter- 
mined as the time point at which the first derivative of 
its fluorescence intensity became more negative than the 
mean minus 2 standard deviations of the derivative during 
the previous control period. Since these recordings were 
carried out imaging fura at 360 nm excitation wavelength, 
a negative slope in the derivative corresponded with an 
accelerated increase in [Ca2÷]~. We then scanned the onset 
times to find the pixel with the earliest one and computed 
the velocity of coactivation from the first pixel to all other 
pixels in the domain by dividing the distance from the earli- 
est pixel by the delay in onset times. Finally, the average 
speed for all pixels in a domain was computed. This 
method of calculating the speeds underestimated the ac- 
tual speed, because it took into account the contribution 
of every pixel in the domain, regardless of whether it be- 
longed to a cell or not, and because cells located in the 
periphery often had smaller fluorescence changes, which 
produced a lower signal-to-noise ratio, than trigger cells. 
Thus, it should be understood as a lower limit for the esti- 
mate of the speed of the wave of coactivation. 
The average speed of coactivation for domains ranged 
from 14 to 253 I~m/s, with a mean of 89 _ 55 i~m/s (n = 
17; Table 1). Among single pixels within a domain, speeds 
ranged from 1 to 1634 i~mls. We concluded from this data 
that speeds were generally too fast for simple, unaided 
diffusion but appeared too slow for conventional synaptic 
transmission (see Discussion). 
Propagation within Spontaneous and Evoked 
Domains Is Not Synaptically Mediated 
To test whether the spread of the coactivation in a domain 
resulted from synaptic linkages among member neurons, 
spontaneous and evoked domains were examined during 
bath application of the Na + channel blocker tetrodotoxin 
(TTX). In control experiments, synaptic activation elicited 
by stimulation of local intracortical connections (and moni- 
tored by field potential, intracellular, or optical recordings) 
was totally abolished by 1 I~M TTX. 
Neither spontaneous nor evoked domains were blocked 
by bath application of 1-10 I~M TTX (Figure 6A). The num- 
ber of spontaneously occurring domains under TTX 
showed a small decrease as compared with control re- 
cordings (65% _+ 17%, n -- 8). In addition, under TTX, 
domains could be evoked by temperature drops (5 of 5 
slices). From these results, we conclude that synaptic 
transmission is not required for the spread of coactivation 
among cells in a domain. 
Spontaneous and Evoked Domains Are Abolished 
by Gap Junction Blockers 
The insensitivity of the domains to TTX, along with previ- 
ous results on dye coupling in cortex (Peinado et al., 1993), 
suggests that coactivation could be mediated by gap junc- 
tions between cortical neurons. To test this, spontaneous 
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Figure 4. The Activation of a Domain Starts at its Center 
Fluorescence changes in a Fura 2-AM-labeled tangential slice from a P1 somatosensory cortex during the occurrence of a domain evoked with 
a temperature drop, recorded with 33 ms time resolution using 385 nm excitation. The pseudocolor scale represents normalized differences in 
fluorescence intensity from the first image. This value, -AF/F, is proportional to increases in [Ca2+]~. Note that cells located at the center of the 
domain (trigger cells) show larger fluorescence changes, and these changes can be detected earlier. Other cells in the domain show smaller 
responses. Time is indicated in seconds. Bar, 100 ~m. 
and evoked domains were examined in the presence of 
the gap junction blockers halothane and octanol (Johnston 
et al., 1980; Hauswirth, 1968). These experiments were 
particularly pertinent, since halothane reversibly blocked 
the coupling revealed in developing neocortex with Neu- 
robiotin injections (Peinado et al., 1993). 
In slices bathed with ACSF saturated with 1.5% halo- 
thane, the incidence of occurrence of spontaneous do- 
mains was greatly reduced (15.1% __. 11% of control, 
n = 5; p < .05, Student t test; Figure 6B). The perfusion 
of 1 mM octanol also reduced the number of domains 
(37% _ 18% of control, n = 10; p < .05, Student t test; 
Figure 6C). We also tested the effect of octanol in domains 
evoked with temperature drops. In 4 of 4 slices, 1 mM 
octanol totally prevented any evoked domains. After a 5 
min washout time, domains could be evoked again in every 
slice (18-25 domains per slice). 
This pharmacological profile, with insensitivity to TTX 
and sensitivity to gap junction blockers, strongly suggests 
that the coactivation of cells in a domain is mediated by 
gap junctions. 
Simultaneous Imaging and Intracellular Recording 
Demonstrates Electrophysiological Coupling 
We found evidence for the existence of functional coupling 
among developing cortical neurons by combining optical 
and electrical recordings from coupled neurons (Figure 
7). Neurons were injected intracellularly with the potas- 
sium salt of Fura 2., Injections of Fura 2 into developing 
cortical neurons revealed two to four coupled cells (2.14 
_+ 0.34 cells per injection, n -- 7), far fewer than observed 
with Neurobiotin. However, this enabled us to perform si- 
multaneous Ca 2÷ imaging and intracellular ecording from 
coupled cells. Four such experiments were successfully 
carried out. To ensure that neurons were not synaptically 
stimulated, we perfused slices with TTX (1 I~ M). In addition, 
to enhance the Ca 2+ accumulations and our chances of 
detecting them, we added a high concentration (24 mM) 
of the K ÷ channel blocker tetraethylamonium (TEA). Under 
TTX/TEA, neocortical neurons show multistep Ca 2+ pla- 
teau potentials that can last several seconds (Reuveni et 
al., 1993). 
In the experiment shown in Figure 7, three neurons were 
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Figure 5. Differences in the Response among Cells in a Domain 
Same experiment as Figure 4. 
(A) Pseudocolor image of the different cells that participate in the domain. Bar, 100 p.m. 
(B) Time course of the response of the cells labeled 1 and 2. Cell 1, located at the center of the domain, responds first and shows a higher 
fluorescence change (-.~F/F) than cell 2, located in the periphery. 
Table 1. Speeds of Coactivation in Evoked Domains 
(in ilm/s) 
Mean Max Min 
Domain Speed SD Speed Speed 
1 253 299 1526 17 
2 152 164 1086 10 
3 128 71 382 71 
4 109 84 1634 5 
5 107 42 180 50 
6 103 64 415 2 
7 87 61 548 1 
8 84 95 367 12 
9 83 77 572 11 
10 82 64 970 3 
11 69 74 525 4 
12 56 28 186 5 
13 53 21 115 2 
14 52 35 314 6 
15 39 32 200 13 
16 39 16 62 2 
17 14 20 146 2 
Average 89 
SD 55 
Results from optical imaging experiments carried out in a tangential 
slice from developing rat somatosensory cortex, imaged with 33 ms 
resolution during its response to a temperature drop. The data set 
was smoothed and derivatized, and for each domain, the earliest re- 
sponding pixel was identified and the speed computed from that pixel 
to all the other pixels in the domain. 
labeled after injecting a layer 5 pyramidal neuron from a 
P11 slice (Figure 7A). Injection of a small pulse of depolar- 
izing current triggered a complex of large amplitude pla- 
teau potentials that was correlated temporal ly with Ca 2+ 
accumulations in the soma of cell number 1 (Figures 7B 
and 7C). More importantly, a smaller Ca 2÷ plateau that 
resulted in an additional depolarization level (Figure 7D, 
arrow) was occasionally elicited and was always corre- 
lated (17 of 17 times) with Ca 2÷ accumulations in the soma 
of another cell, cell number 2, that was labeled by the dye 
(Figure 7E, arrow). We only observed these type of small, 
depolarizing plateau potentials, such as that illustrated 
in Figure 7E, in neurons that were dye coupled to other 
neu rons. No significant changes were observed in the third 
labeled cell. Although the interpretation of multistep pla- 
teau potentials is complex (Yuste et al., 1994), the precise 
relation between the appearance of small depolarizing pla- 
teau potentials and the Ca 2÷ accumulations in cell 2 dem- 
onstrated that the smaller plateaus were indeed generated 
by cell 2. For these two neurons, which were recorded at 
33°C and whose somata were located 534 I~m apart, the 
delay in onset between plateau potentials varied from 76 
to 1439 ms(mean,  297 _+ 403 ms, n -- 23), with 13 occa- 
sions in which the plateau from the first cell failed to trigger 
a Ca 2÷ signal in the second cell. The average ratio of ampli- 
tudes of the plateau potentials produced by both cells was 
0.20 _ 0.09 (n = 10). This ratio can provide us with an 
estimate of the magnitude of the coupling, assuming that 
both cells have similar Ca 2÷ channels and plateau poten- 
tials, because the size of the plateau potential produced 
by the distant cell and recorded in the injected cell is pro- 
portional to the electrical coupling between them. This 
analysis, however, only gives us an approximate stimate 
of the coupling coefficient for the following reasons. First, 
in addition to the reduction in amplitude of the signal due 
to the gap junctions, the lectrotonic distance from the 
soma to the site of coupling in both cells can also attenuate 
the transmission of the plateaus. Second, the filtering 
caused by gap junctions or by the dendritic electrical ge- 
ometry should be smaller for prolonged depolarizations 
caused by Ca 2÷ plateaus than for faster, more physiologi- 
cal signals (Jack et al., 1975). Third, active Ca 2÷ conduc- 
tances in dendrites may confound our measurements 
(Pockberger, 1991; Amitai et al., 1993; Kim and Connors, 
1993; Yuste et al., 1994). Nevertheless, the magnitude of 
the coupling (0.20) appears significant. 
Discussion 
The discovery of coactivations of developing cortical neu- 
rons has enlarged our understanding of how neurons in 
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Figure 6. Spontaneous Domains Can Occur in TTX but Are Blocked 
by the Gap Junction Blockers Halothane and Octanol 
(A) Graph of the domains that occur spontaneously in a Fura 2-labeled 
tangential s ice from a P0 somatosensory cortex. The occurrence of 
each domain is represented by a cross• Bath application of 10 p.M 
FIX (bar) does not affect he occurrences of spontaneous domains. 
(B) Similar graph for the spontaneous domains in a coronal slice from 
P2 rat somatosensory cortex during the perfusion of 1.5% halothane. 
Halothane, a gap junction blocker, reversibly suppresses the occur- 
rence of domains• 
(C) Similar graph for the spontaneous domains in a coronal slice from 
P1 rat somatosensory cortex during the perfusion of the gap junction 
blocker octanol (1 mM), which reversibly blocks the domains. 
the developing brain interact with one another. Our results 
strongly suggest that developing cortical neurons are cou- 
pled extensively through gap junctions and that these gap 
junctions are responsible for the coactivation of neurons 
in a domain. The evidence for the involvement of gap junc- 
tions in this phenomena is fourfold. First, TTX, which 
blocks synaptic activation in these slices, does not block 
the domains (see Figure 6A); second, known gap junction 
blockers prevent he appearance of domains (see Figures 
6B and 6C); third, intracellular injections of the small tracer 
Neurobiotin result in the labeling of clusters of coupled 
cells that are reversibly blocked by the same concentration 
of gap junction blockers that prevent the appearance of 
the domains (Peinado et al., 1993); and fourth, significant 
electrophysiological coupling can be detected among de- 
veloping cortical neurons (see Figure 7). 
Since all these experiments have been carried out in 
slices, the significance of these findings for the normal 
function of developing cortex in vivo remains unknown. 
Nevertheless, the pharmacological profile and the speci- 
ficity of the coupling, together with the known expression 
of connexins in developing cortex (Dermietzel, et al., 
1988), suggest that gap junctional communication is in- 
deed present in the developing cortex and is not an artifact 
of the slice preparation. 
Coactivation Is Initiated by Trigger Cells 
Our results support a model in which a domain starts by 
the activation of one or a few trigger cells that subsequently 
activate the rest of the cells through gap junctions (see 
Figure 8). During the fast optical recordings, a group of 
cells located in the center of the domain respond first and 
show the largest changes in [Ca2+]~, perhaps owing to a 
lower threshold for spontaneous activation than the rest 
of the cells in a domain. The first activation of those cells, 
and therefore the initiation of the domain, is still mysterious 
to us and could be due to spontaneous transmitter release, 
since slices have a significant amount of ambient gluta- 
mate that tonically activates postsynaptic neurons (Sah 
et al., 1989). The effect of the temperature drop could 
then be to evoke transmitter elease or, alternatively, to 
increase their concentration by decreasing the breakdown 
of intracellular messengers such as inositol 1,4,5-tris- 
phosphate (IP3; see below). 
Because of their faster response, we propose that this 
type of cell triggers the rest of the domain and therefore 
defines the domain spatially within the slice. What are 
the trigger cells? As the size (approximately 100 I~m in 
diameter) and spatial distribution of domains in a slice is 
fairly regular (Yuste et al., 1992), trigger cells might be an 
anatomically distinct class of neurons that are regularly 
spaced, approximately 100 p.m from one another, within 
the cortical circuitry. We have so far been unable to find 
any anatomical characteristics of trigger cells, although 
some features of the cortical circuitry, such as the bundling 
of apical dendrites, have the appropriate spacing (Peters 
and Walsh, 1972). It is interesting to note that an associa- 
tion between dendritic bundling and gap junctions has also 
been noticed in the prepacemaker nucleus of the electric 
gymnotiform fish (Zupanc, 1991). An alternative scenario 
is that trigger cells are not different from other neurons in 
a domain. In this case, the regular spacing of the domains 
could be due to the refractoriness induced by previous 
coactivations and the map of the domains would represent 
a snapshot of a dynamic system of coactivations in that 
cortical territory. 
A closely related question is whether the trigger cells 
are permanent or can change with time. Although sponta- 
neous domains can repeat in the same territories during 
long optical recordings, we have not yet been able to re- 
cord repeated domains with faster time resolution and 
therefore have not determined whether the trigger cells 
are the same. 
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Figure 7. Functional Coupling between Two 
Developing Cortical Neurons 
(A) Composite micrograph of three layer 5 neu- 
rons in a slice from P11 somatosensory cortex 
labeled by intracellular injection of the potas- 
sium salt of Fura 2 into neuron umber 1, on 
the right. The pial surface is located tothe left. 
Two axons can be seen leaving the slice on 
the right, in an area that corresponds to the 
white matter. The proximal region of an apical 
dendrite is in focus on the left panel. Bar, 250 
~m.  
(B) Intraceliular recording from cell 1 showing 
the response to a pulse of injected current un- 
der bath application of TEA (24 mM) and TTX 
(1 ~M). Top trace, voltage; middle trace, cur- 
rent. A Ca 2÷ plateau potential is evident, with 
a characteristic breakpoint. 
(C) [Ca2+]~ inthe three cells measured during (A) 
using a cooled CCD camera and ratio imaging 
with 340 and 380 nm excitation. The [Ca2+]~ 
along the axis of the apical dendrites has been 
computed using previous calibration parame- 
ters. Distances have been measured from the 
soma of the cell 1, located in the right on Figure 
7A. Stippled line, basal value; solid line, peak 
response. The Ca 2÷ plateau produces Ca 2+ ac- 
cumulations in cell 1,but not in the other cells. 
(D) Similar recording to (B), showing the re- 
sponse to a pulse of current that produced two 
superimposed Ca 2+ plateau potentials (arrow). 
(E) Similar [Ca2+]~ profile of the three cells during (D), demonstrating significant Ca b accumulations in cell 1 and in cell 2, located 534 p.m from 
the soma of cell 1. This suggests that the second Ca 2+ plateau shown in (C) was produced by cell 2. The center cell, located approximately 300 
I~m from the soma of cell 1, shows a very small response. 
Nature of the Coactivation Signal: Regenerative 
Electrical Transmission or Second 
Messenger Waves? 
Our measurements of average speed of coactivation of 
approximately 100 i~m/s at room temperature set a lower 
limit to the speed of the signal that travels through gap 
junctions in a domain. Assuming unbuffered diffusion of 
the signal from a point source and using the common form 
of the two-dimensional diffusion equation x 2 -- 2Dt, where 
x is mean displacement and D is the diffusion coefficient, 
a speed of 100 ~m/s corresponds to a diffusion coefficient 
of 5 x 10 -~ cm2/s, seemingly higher than those measured 
for small ions (Hille, 1992) or even for gases such as NO 
(Gaily et al., 1990). For a more direct comparison with our 
measurements, the [Ca2+]~ gradients produced across a 5 
I~m diameter chromaffin cell take about 100 ms to equili- 
brate (Neher and Augustine, 1992). Thus, although we 
cannot completely rule out a role for passive Ca 2+ diffusion 
in the neuronal domains, the speed of the front of the 
coactivation suggests that the activation is probably pro- 
duced by a faster, regenerative mechanism. 
Two types of regenerative signals seem feasible: an 
electrical event that is TTX resistant, such as a Ca 2+ spike, 
or a second messenger wave of the type that has been 
described in gila (CornelI-Bell et al., 1990), oocytes (Brooker 
et al., 1990), and epithelial cells (Boitano et al., 1992). In 
support for the first possibility are our intracellular and 
optical recordings (see Figure 7), which demonstrate that 
functionally significant coupling exists and that Ca 2÷ 
spikes are transmitted between dye-coupled neurons. 
Nevertheless, the average speeds of coactivation calcu- 
lated from our measured delays in the intracellular experi- 
ment (approximately 1800 ~m/s) are much faster than, and 
seem incompatible with, the speeds measured optically for 
the coactivation of a domain (mean -- 89 ~m/s; maxi- 
mum = 1634 p.m/s; Table 1). Part of this discrepancy 
may be due to the lower estimate of the speeds measured 
optically, to the difference in measured parameter (voltage 
vs. [Ca2+]~), or to the different experimental  conditions 
(22°C vs. 33°C, normal ACSF vs. TTX/TEA ACSF, and 
coronal vs. tangential slices). It should also be noted that 
the transfer via gap junctions of larger fluorescent mole- 
cules, such as Lucifer yel low and Fura 2, appears to take 
place only when a relatively large number of junctions are 
present (Dermietzel and Spray, 1994). Thus, the junctions 
and connectivity visualized by the combined intracellular/ 
optical recording experiment may represent an extreme 
case of best-coupled neurons and may not be representa- 
tive of the levels of coupling between most neurons. 
The second messenger hypothesis appears more com- 
patible with our results, since some second messenger 
waves have average speeds comparable to our measure- 
ments (Meyer, 1991). These waves are mediated by Ca 2÷, 
iPs, and cyclic ADP ribose and release Ca 2+ from internal 
stores in a chain reaction, owing to the regenerative prop- 
erties of the release phenomenon (Berridge, 1993). in pre- 
vious pharmacological studies of these neurons, we have 
encountered a response to carbachol in the presence of 
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Figure 8. Model of a Domain: Trigger Cells and Gap Junctions 
Model of how a domain becomes coactive. A trigger neuron, shown 
in red, first becomes activated and generates a regenerative wave of 
chemical or electrical nature that crosses gap junctions (yellow) and 
eventually sets off secondary neurons in a domain (green). Only one 
trigger neuron is drawn for clarity. Other neurons in a slice (dark blue), 
which are located more than one gap junction away from the trigger 
cell, do not respond. 
Ni 2+ that we interpreted as a [Ca2+]i release from internal 
stores activated via a m uscarinic receptor (Yuste and Katz, 
1991). We have also found that the metabotropic gluta- 
mate receptor agonist ACPD elicits small [Ca2÷]~ increases, 
presumably released from internal.stores, in neocortical 
dendrites (R. Y. and D. Tank, unpublished data). In addi- 
tion, the injection of the nonmetabolizable form of IP3 into 
a developing cortical neuron elicits coactivation of neigh- 
boring neurons that appears very similar to spontaneous 
events (K. Kandler and L. C. K., unpublished data). Thus, 
developing cortical neurons have the capability of releas- 
ing Ca 2+ from internal stores, and IP3 appears to be suffi- 
cient to trigger coactivation. The involvement of IP3 and 
intracellular stores may also explain some of the puzzling 
characteristics of domains. As already mentioned above, 
the triggering of domains by abrupt temperature reduc- 
tions could be explained by the buildup of endogenous 
IP3, leading to release from intracellular stores, or to the 
direct opening of the stores. The formation of nonoverlap- 
ping maps might also result from the depletion of intracel- 
lular stores; further activation of such cells would fail to 
evoke changes in [Ca2+]i. 
Finally, the fact that domains have distinct borders re- 
mains to be explained. Since we believe that there is exten- 
sive coupling among neurons throughout he developing 
cortex, the reason why the coactivation does not spread 
to the rest of the slice may be the filtering of the activation 
signal when passing through gap junctions. As a possible 
example of this effect, Neurobiotin injections only appear 
to label neurons that are coupled directly to the dendrites 
of the injected cell (Peinado et al., 1993). 
Role of Neuronal Coactivation via Gap Junctions 
in Cortical Development 
The significance of this intricate pattern of spontaneous 
coactivations in the development of the cortex is an open 
question. In our view, a domain could represent a develop- 
mental blueprint for a modular circuit unit (Yuste et al., 
1992). We base this idea on the fact that domains form 
a modular architecture and that in coronal slices, domains 
are columnar with comparable sizes to the minicolumns 
that are thought to be the unit of the cortical functional 
architecture in adult cortex (Mountcastle, 1982; Hubel and 
Wiesel, 1977). We hypothesize that a column of neurons 
that are coupled together through gap junctions and co- 
activate simultaneously in a domain will eventually lead 
to a columnar unit of heavily interconnected neurons. 
Besides a possible role in activity-dependent circuit for- 
mation, the extensive gap junctional coupling present in 
developing neocortex may serve a more basic develop- 
mental function. In fact, taking into account he immaturity 
of the synaptic machinery during cortical development 
(Miller, 1988) and the lack of strong cellular responses 
both in vivo (Hubel and Wiesel, 1963; Armstrong-James 
and Johnson, 1970) and in vitro (Kriegstein et al., 1987), 
nonsynaptic interactions through gap junctions may be a 
more reliable mechanism for interactions among devel- 
oping cortical neurons than conventional synaptic trans- 
mission. Indeed, these early interactions may be entirely 
nonelectrical. Elevation of [Ca2÷]~ levels can lead to the 
expression of numerous immediate early genes (Sheng 
and Greenberg, 1990), and coordinate Ca 2+ changes could 
therefore lead to coordinate patterns of gene expression 
and subsequent differentiation. 
Far from being an odd feature of cortical development, 
spontaneous coactivation of neurons through gap junc- 
tions is increasingly recognized as a general property of 
developing circuits in the mammalian CNS (Katz, 1994). 
In parallel work to ours carried out in developing locus 
coeruleus (Christie et al., 1989), retina (Meister et al., 
1991 ), spinal cord (Walton and Navarrete, 1991), and geni- 
oglossal nucleus (Mazza et al., 1992), spontaneous coacti- 
vation or gap junctional coupling has been found or has 
been implicated. In preliminary screening of the devel- 
oping rat brain with Ca 2+ imaging, coactive domains of 
neurons have been observed in slices of hippocampus 
(CA1 and CA3), thalamus, cerebellum, superior colliculus, 
striatum, and periaqueductal gray (R. Y., W. W. R., and 
L. C. K., unpublished data). Hence, coactivation through 
gap junctions may be ubiquitous throughout he devel- 
oping brain. 
Finally, the brain may not be the only system in which 
gap junctions are involved in a developmental role. Gap 
junctions have been found in the developing vertebrate 
and invertebrate mbryo, where they have been impli- 
cated in a variety of processes concerning transfer of posi- 
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t ional information and pattern format ion (Fraser  and Bry- 
ant, 1985; Guthr ie  and Gilula, 1989; Warner  et al., 1985). 
Regenerat ive  Ca  2÷ waves,  mediated v ia IP3 and gap junc- 
t ions, have been observed  in many t issues and may serve 
to coord inate  cel lular activities. Thus, nonsynapt ic  interac- 
t ions among deve lop ing  neurons,  in part icular  via gap 
junct ions,  could play an important  role in the t ransfer  of 
posit ional  informat ion and pattern format ion in the CNS, 
as in other  parts of  the embryo.  
Experimental Procedures 
Preparation of brain slices and optical imaging were performed as 
described (Yuste and Katz, 1991; Yuste, 1994). In brief, tangential 
slices (300 I~m thick) were cut from primary somatosensory cortex of 
P0-P7 Long-Evans rats with a vibratome; coronal 400 I~m thick slices 
were cut with a vibratome or a special slicer (Katz, 1987). Slices were 
incubated in Mg2+-free artificial cerebrospinal f uid (125 mM NaCI, 5mM 
KCI, 1.25 mM KH2PO4, 26 mM NaHCO3, 10 mM D-Glucose, 3.1 mM 
CaCI2, bubbled with 950/0 O2/5% CO2) containing 10 HM Fura 2-AM 
(Grynkiewicz et al., 1985; Tsien, 1989; Molecular Probes)and imaged 
at room temperature (20°C-25°C) on an inverted microscope (Zeiss 
IM35) with an intensified charge coupled-device (CCD) camera (Hama- 
matsu) coupled to an image processor (Imaging Technologies Series 
151). To evoke domains, a 3°C-4°C drop in temperature was pro- 
duced by perfusing a 3-20 s bolus of 4°C ACSF in the perfusion 
chamber. Background-subtracted images at a single excitation wave- 
lengths (385 nm) were collected every 1-10 s and stored with an optical 
disc recorder (Panasonic 2028F); each image was the average of 16 
frames. Faster optical recordings were carried out at video rate without 
averaging (33 ms/frame). For approximate estimates of [Ca~+]i, re- 
cordings at two wavelengths (350 and 385 nm) were performed and 
analyzed as described (Yuste and Katz, 1991). For domain detection, 
sequential images were subtracted from each other. Images were then 
processed on a Macintosh Ilfx with the program Image (NIH). Sub- 
tracted images were smoothed by convolving using a 15 x 15 pixel 
Gaussian kernel; the average background noise (mean + 2 SD) was 
subtracted, and the resulting image was made binary. The border of 
contiguous positive areas was drawn to define a domain. Maps of 
domains were Obtained by superimposing domains from the same 
optical recording sequence. 
For intracellular ecordings, neurons in layer 5 were iontophoreti- 
cally injected with Fura 2 using sharp glass micropippettes. Glass 
microelectrodes were filled with 24 mM fura, 180 mM potassium ace- 
tate, and 50 mM potassium HEPES and had DC impedances of about 
80-150 M~. A Neurodata amplifier (Model IR-283) was used in bridge 
mode for recording and iontophoretic injections. Cells were imaged 
with a Nikon Fluor 10x air objective and a cooled CCD camera 
(CH220, Photometrics, Tucson, AZ), as previously described (Yuste 
et al., 1994). Images were acquired, stored and analyzed using a Mac- 
intosh fx computer and custom software. Ratiometric imaging was 
done by alternating the excitation wavelength between 340 and 380 
nm at a frame rate of 0.3-1.6 seconds per frame pair and enabled us 
to estimate [Ca2÷]~) using the standard formula (Grynkiewicz et al., 
1985) and previous in vitro calibrations (Regehr and Tank, 1992). All 
drugs were obtained from Sigma (St. Louis, Me). Fluorescence micro- 
spheres were obtained from Lumafluor (New City, NY) 
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